Although it has been known for some time that estrogen exerts a profound inf luence on brain development a definitive demonstration of the role of the classical estrogen receptor (ER␣) in sexual differentiation has remained elusive. In the present study we used a sexually dimorphic population of dopaminergic neurons in the anteroventral periventricular nucleus of the hypothalamus (AVPV) to test the dependence of sexual differentiation on a functional ER␣ by comparing the number of tyrosine hydroxylase (TH)-immunoreactive neurons in the AVPV of wild-type (WT) mice with that of mice in which the ER␣ had been disrupted by homologous recombination (ERKO␣). Only a few ER␣-immunoreactive neurons were detected in the AVPV of ERKO␣ mice, and the number of TH-immunoreactive neurons was three times that of WT mice, suggesting that disruption of the ER␣ gene feminized the number of THimmunoreactive neurons. In contrast, the AVPV contains the same number of TH-immunoreactive neurons in testicular feminized male mice as in WT males, indicating that sexual differentiation of this population of neurons is not dependent on an intact androgen receptor. The number of THimmunoreactive neurons in the AVPV of female ERKO␣ mice remained higher than that of WT males, but TH staining appeared to be lower than that of WT females. Thus, the sexual differentiation of dopamine neurons in the AVPV appears to be receptor specific and dependent on the perinatal steroid environment.
From an evolutionary perspective, the most adaptive physiological responses are those that ensure successful reproduction. Coordinated sex-specific behaviors and physiological mechanisms have evolved to facilitate reproduction and it is now clear that most are determined by the central action of steroid hormones during brain development. For example, only female rats display a massive surge in gonadotropin secretion in response to treatment of gonadectomized animals with estrogen and progesterone, and exposure of genetic females to high levels of gonadal hormones such as testosterone near the time of birth results in defeminization of the sexually dimorphic pattern of luteinizing hormone (LH) secretion that triggers ovulation (1) (2) (3) (4) . Abundant evidence from a variety of animal models indicates that steroid hormones secreted by the gonads during development cause profound sex-specific changes in the structure and neurochemistry of certain forebrain regions, including sexually dimorphic regions in the hypothalamus thought to play key roles in mediating the preovulatory secretion of LH (4) (5) (6) (7) . A particularly important and sexually dimorphic part of neural circuits that regulate the secretion of LH is the anteroventral periventricular nucleus of the preoptic region (AVPV). The AVPV has been shown to play a critical role in transducing hormonal feedback on LH secretion and is required for spontaneous ovulation (8, 9) . Consistent with this functional role, the AVPV contains high densities of neurons that express receptors for estrogen and progesterone (10) and implants of antiestrogens cause significant changes in LH secretion (11) . Moreover, the results of recent neuroanatomical studies suggest that the AVPV provides direct projections to a subpopulation of gonadotropin releasing hormone neurons in the preoptic region that are thought to participate in the initiation of the preovulatory LH surge (12) . The AVPV is unusual among sexually dimorphic nuclei because it is larger in female animals and contains a greater number of dopaminergic neurons in female rats, relative to that of males (13) . Treatment of neonatal female rats with testosterone, or lesioning of the AVPV, blocks hormonal induction of an LH surge; testosterone exposure also reduces the number of dopaminergic neurons in the AVPV to that characteristic of male animals (8, 14, 15) .
Despite the numerous sexually dimorphic brain structures identified in the rodent forebrain, the molecular mechanisms underlying sexual differentiation remain unclear. Testosterone can influence neural development directly by acting through the androgen receptor (AR), but because testosterone can be converted in the brain to estradiol by the enzyme aromatase, which is itself locally regulated by sex steroid hormones (16) , estradiol may contribute to the developmental actions of perinatal androgen in a target region specific way. Moreover, treatment of neonatal rats with estrogen is as effective as testosterone in defeminizing the pattern of gonadotropin secretion, and treatment of female rats with antiestrogen protects female rats from the masculinizing effects of androgen treatment on gonadotropin secretion (2, 17, 18) . In addition, administration of estradiol during the first 5 days of life is as effective as testosterone in reducing (defeminizing) the volume of the AVPV (19) . The classical estrogen receptor (ER␣) is thought to mediate the effects of estrogen on neuronal morphology, survival, or neurotransmitter expression, and during development it is expressed abundantly in sexually dimorphic regions such as the AVPV (refs. 20 and 21 and R.B.S., unpublished observations). By using a variety of pharmacological approaches evidence for ER␣-mediated effects of sex steroids on neuronal development has been obtained, but the interpretation of the results of these experiments is complicated by the mixed specificity of the com-pounds used, their access to the brain, or their differential metabolism in various brain regions (22) . Furthermore, both the ER␣ and AR appear to be expressed in several sexually dimorphic nuclei raising the possibility that sex steroids may contribute to sexual differentiation in such regions by acting through both receptors. Recently a second ER has been isolated and was designated ER␤ (23) . This new receptor for estrogen is expressed in several sexually dimorphic nuclei, including the AVPV (24) , and therefore may be responsible for some of the effects of estradiol on the development of these regions.
That administration of androgen causes a defeminization of gonadotropin secretion was first shown in mice by Barraclough and Leathem (25) . Thus, an alternative approach to addressing the problem of steroid specificity in sexual differentiation is to use mice that lack a functional receptor for either androgen or estrogen. The AR gene of the testicular feminized male mouse (Tfm) contains a point mutation that causes a frameshift resulting in a nonfunctional receptor (26) . These animals have been used to evaluate the receptor-specific effects of androgen on development and expression of reproductive behavior, but have been less useful in investigating the role of estrogen in sexual differentiation (27) . Recently, a line of mice was developed in which the ER␣ gene was disrupted through homologous recombination (28) . These ER␣ knockout mice (ERKO␣) are infertile and show altered reproductive behavior and neuroendocrinological responses, as well as changes in behavior (29) (30) (31) . Although hormonal regulation of the LH surge has not been examined in ERKO␣ mice, females tonically secrete elevated levels of LH (32, 33) . In addition, immunohistochemical studies indicate that female ERKO␣ mice have absent or greatly reduced levels of ER immunoreactivity in the hypothalamus (34, 35) . In the present study we used male and female ERKO␣ mice to determine whether the ER␣ played a role in the sexual differentiation of dopaminergic neurons in the AVPV. Further, we also examined dopaminergic neurons in the AVPV of Tfm mice to test whether the AR is involved in the development of this sexually dimorphic population of neurons.
METHODS
Animals. Before sacrifice all animals were housed under standard lighting conditions (14:10) with free access to food and water. Three separate experiments were carried out. Experiment 1: Three groups (n ϭ 4) of intact adult mice (8-10 weeks old) were perfused on the same day. Groups included male C57BL͞6J mice, female C57BL͞6J mice (The Jackson Laboratory), and an age-matched group of ERKO␣ male mice raised at Taconic Farms that were genotyped by PCR (33) and shipped to the Oregon Regional Primate Center 1 week before perfusion. The ERKO␣ animals are mixed C57BL͞6J and 129͞J background; details of the gene disruption have been described in detail (29) . Experiment 2: Intact adult female ERKO␣ mice (n ϭ 3 for each group) were perfused together with wild-type (WT) (ϩ͞ϩ) male and female littermates (10-15 weeks old). Experiment 3: The brains of three intact male C57BL͞6J mice and four intact Tfm mice (8-10 weeks old; The Jackson Laboratory; C57BL͞6J background) were processed for TH immunohistochemistry.
Histochemistry. Each animal was deeply anesthetized with tribromoethanol and perfused transcardially with a solution of 4% paraformaldehyde in 0.1 M sodium borate buffer (pH 9.5). The brains were processed for immunohistochemistry as described (15) by using an antiserum directed against tyrosine hydroxylase (TH; EugeneTech, Allendale, NJ), which was localized with an affinity-purified goat anti-rabbit IgG conjugated with fluorescein isothiocyanate (BioSource International, Camarillo, CA). Adjacent sections from some of the animals were stained for ER-immunoreactivity (H222 generously provided by Abbott) by using a variation of the avidinbiotin complex system (36, 37) and a commercially available kit (ABC Elite Kit, Vector Laboratories). In addition, we used in situ hybridization, as described previously (38) to compare the number of neurons in the AVPV that express preproenkephalin (PENK) mRNA in WT and ERKO␣ male and female mice.
Analysis. The slides were numerically coded to obscure experimental group. Sections stained immunohistochemically for ER␣ were examined for nuclear staining with conventional transmitted light microscopy. The sections stained for immunofluorescence were examined with fluorescence microscopy and the number of TH-immunoreactive neurons within the AVPV were counted in every third section through the nucleus. The total number of TH-stained neurons in the AVPV of each animal was estimated and Abercrombie's factor (39) was used to correct for double counting errors. The KruskalWallis one-way analysis of variance with a post hoc multiple comparison (40) was used to identify significant differences between groups in each experiment. A P value of Յ0.05 was defined as significant.
RESULTS
To confirm that ER␣ was not expressed in the AVPV we stained sections through the nucleus immunohistochemically by using an antibody that recognizes ER␣ (H222; Abbott). In contrast to the high density of intensely stained ER␣-immunoreactive nuclei found in the AVPV of WT male and female mice, only a low density of faintly stained cells could be visualized in the AVPV of ERKO␣ animals; infrequently a darkly stained nucleus was found (Fig. 1) . Although the H222 antibody is directed to the hormone binding domain of the ER␣, which shares considerable homology to the hormone binding domain of the ER␤, only low levels of estrogen binding are detected in the AVPV of ERKO␣ mice (41) .
The number of dopaminergic neurons in the AVPV of male and female mice was compared by counting the number of neurons that were immunoreactive for TH, the rate limiting enzyme for catecholamine biosynthesis. Similar to our previous findings in the rat, the AVPV of female mice contained approximately four times the number of TH-immunoreactive neurons relative to the number detected in the AVPV of male mice (Figs. 2 and 3) . The number of TH-stained neurons in the AVPV of male ERKO␣ mice was 2-3 fold greater than that of WT male mice (P Ͻ 0.004) suggesting that the absence of a functional ER␣ prevented the hormone induced 4-fold reduction in the number of detectable TH-immunoreactive neurons that normally occurs in males during the neonatal period. However, the number of TH-immunoreactive neurons in the AVPV of ERKO␣ males remained significantly lower than WT females (P Յ 0.01) suggesting that other factors independent of ER␣ may be required for full expression of the female phenotype. In contrast to the results obtained in ERKO␣ males, the number of TH-immunoreactive neurons in the AVPV of Tfm males was not different from that of WT males (Fig. 4) , indicating that the differentiation of these cells is not dependent on a functional AR. The number of THimmunoreactive neurons in the AVPV of ERKO␣ females remained significantly higher than that of WT males (P Յ 0.025), and tended to be lower than the number of cells in WT females (Fig. 3 ), but this difference was not statistically significant. In addition, the intensity of TH staining within individual cells appeared to be reduced (Fig. 2) . Neither the size, nor overall morphology of TH-immunoreactive neurons appeared to be different between experimental groups.
In rats, the number of neurons in the AVPV that express PENK mRNA is quite dimorphic with males having nearly three times as many PENK mRNA-containing neurons in the AVPV as are found in females (38) . Therefore, we used in situ hybridization to compare the number of neurons in the AVPV of male and female mice that express PENK mRNA. Although the AVPV of the C57BL͞6J mouse contains a high density of PENK mRNA-containing neurons, this population of cells does not appear to be sexually dimorphic, and the number of PENK mRNA-containing neurons was similar in the AVPV of WT and ERKO␣ animals (Fig. 5) .
DISCUSSION
These results represent direct demonstration that the ER␣ plays an essential role in the sexual differentiation of neurons in the mammalian central nervous system. Moreover, the observation that development of dopaminergic neurons in the AVPV is feminized in male ERKO␣ mice, but not in Tfm mice, is consistent with the fact that estrogen treatment can defeminize the pattern of gonadotropin secretion, yet nonaromatizable androgens do not (2) . Although earlier pharmacological studies have established an important role for estrogen in sexual differentiation, and provide indirect evidence for involvement of the ER in this process, the results of such experiments can be difficult to interpret (see refs. 22 and 42 for reviews). (D) , but the number of TH-immunoreactive neurons is similar to that of WT females (see Fig. 3 ; ϫ200).
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Proc. Natl. Acad. Sci. USA 94 (1997) 14079 nonaromatizable androgen dihydrotestosterone has been used to selectively activate ARs during the critical period for sexual differentiation, but dihydrotestosterone is rapidly metabolized to relatively ineffective compounds that are only weakly androgenic, so the absence of an effect is not strong evidence for ER action. The androgen agonist R1881 is more stable than dihydrotestosterone and binds with high affinity to ARs, but not ERs. However, R1881 is also a potent progestin that may inhibit androgen action. The use of hormone antagonists to block the actions of steroid hormone receptors is also problematic becuase these compounds may act through multiple mechanisms, and may function as agonists depending on dosage or treatment regimen (42) . Another approach has been to use the aromatase inhibitor ATD to block the conversion of testosterone to estrogen, but this compound appears to compete with steroids for ARs (43) . Thus, the use of genetically altered animals to dissect the potential contributions of ARs or ERs to brain development provides an alternative experimental approach that complements earlier pharmacological studies. Furthermore, these experiments distinguish between receptor-and nonreceptor-mediated mechanisms. However, the ERKO␣ mice used in the present study lack functional receptors throughout development, so it is not possible to define when the ER␣ acts to feminize dopamine cells in the AVPV. Previous studies in rats argue for a critical role for the ER␣ during the first week of life (2, 17) , which corresponds to the period when the sex difference in dopamine neurons in the AVPV develops (44) . Alternatively, the male phenotype may depend on a functional ER␣ in adulthood. A fundamental concept of neuroendocrine sexual differentiation is that the neural control of gonadotropin secretion appears to be bipotential with respect to expression of either the male or female physiological phenotype: in the absence of high levels of perinatal testosterone the female pattern of gonadotropin secretion occurs regardless of genotype (1-4). Genetic male rats castrated at birth are capable of displaying an LH surge, and genetic females treated with either testosterone or estrogens do not. Our results support this concept because disruption of the ER␣ feminized the development of dopaminergic neurons in the AVPV of male mice, indicating that the normal pattern of masculine development for this population of neurons is dependent on the presence of a functional ER␣. Disruption of the ER␣ in female mice tended to reduce the number of dopamine neurons in the AVPV, but this effect was not statistically significant. However, we consistently observed an apparent decrease in cellular levels of TH immunoreactivity in ERKO␣ females, which may reflect a role for the ER␣ in the full expression of the dopaminergic phenotype in the AVPV of females. Toran-Allerand (18) suggested an active role for estrogen in neural development of both sexes and our results suggest that the ER␣ may play a role in the maintenance of normal levels of TH expression in AVPV neurons. Alternatively, estradiol tends to suppress TH gene expression in the AVPV (15) and ERKO␣ females have Ϸ10-fold higher levels of circulating estradiol compared with that of WT females (31, 45) , which may be responsible for the apparent decrease in TH staining intensity. However, such a hormone induced suppression of TH expression must occur in the absence of the ER␣ and, therefore, be mediated by either the ER␤ or a transsynaptic mechanism (46) . Consistent with the latter possibility is the observation that only a few dopaminergic neurons in the AVPV appear to express the ER␣ (47) . Moreover, the cAMP response element-binding protein (CREB) plays a critical role in transcriptional control of TH gene expression (48, 49) and estrogen induces CREB phosphorylation in dopaminergic neurons of the AVPV (50). In addition to influencing the development of dopaminergic neurons in the AVPV, sex steroid hormones also regulate TH gene expression in mature animals (see ref. 15) . Because the animals used in the present study were gonadally intact it is possible that the observed differences in numbers of THimmunoreactive neurons were caused by the different levels of circulating steroid hormones that exist between adult animals. Several lines of evidence argue against this interpretation. First, gonadectomy does not alter the quantitative sex difference in the number of TH-immunoreactive neurons in the AVPV of adult rats (14) , which is consistent with the notion that sex steroids act on these neurons primarily during the perinatal period. Second, even the abnormally high levels of estradiol present in ERKO␣ females (31, 45) did not produce a significant reduction in the number of TH-immunoreactive neurons detected in the AVPV. Finally, the hormonal regulation of TH gene expression in the AVPV of female mice appears to be relatively subtle at the level of protein (R.B.S., unpublished observation), suggesting that the greater numbers of TH immunoreactive neurons in the AVPV of WT females and ERKO␣ males are caused by a greater number of neurons that display this phenotype.
Our observation that PENK mRNA containing neurons in the AVPV are not affected in the ERKO␣ mouse suggests that the developmental effects of ER␣ disruption display cellular specificity in that at least some populations of neurons in the AVPV undergo a normal pattern of development. Although it is unlikely that dopaminergic neurons in the AVPV are the only population of neurons affected in the ERKO␣ animals, they represent a particularly striking example of receptorspecific sexual differentiation caused by a single genetic event.
It is less clear, however, that estradiol exerts its effects on development of TH neurons in the AVPV through a direct action on these neurons, or acts transsynaptically via other hormone sensitive regions that supply strong inputs to the AVPV (7). Equally unclear is whether the ER is influencing the survival of neurons in the AVPV that are capable of expressing TH in detectable levels, or is effecting a lasting change in neurotransmitter phenotype. In rats, cell death in the AVPV occurs in a sexually dimorphic pattern during the first week of life with the period of maximal cell loss being longer in females relative to that of males (19) .
Sexual differentiation of gonadotropin secretion is likely because of the developmental actions of sex steroid hormones on multiple neural pathways, and the functional role of dopamine in the regulation of the preovulatory release of LH remains controversial. Nevertheless, the AVPV clearly plays a critical role in mediating the preovulatory LH surge, and the development of dopaminergic neurons in the AVPV correlates with the sexual differentiation of gonadotropin secretion and the ability of gonadotropin-releasing hormone neurons to respond to estradiol. In addition, dopamine neurons in the arcuate nucleus of the hypothalamus, which regulate prolactin secretion in female rats receive a direct sexually dimorphic projection from the AVPV (7, 51) . Thus, the present demonstration of ER-dependent sexual differentiation of dopamine neurons in the AVPV may represent a particularly clear example of how sex steroids specify the numbers and transmitter phenotypes of neurons that make up the sexually dimorphic neural pathways that are responsible for coordinating distinct, sex-specific reproductive events necessary for species survival.
